To test for regional differences in the rates of synthesis and degradation of contractile proteins during normal physiological growth of the heart in vivo, fractional rates of protein accumulation and synthesis were assessed for total protein, myosin heavy chain, myosin light chain, phosphorylatable myosin light chain, and actin in the right and left ventricular free walls of growing, New Zealand White rabbits. Fractional rates of protein accumulation were determined from regional protein content growth curves of total and individual myofibrillar proteins measured in 82 animals ranging from 1 day to 9 weeks of age. In vivo right and left ventricular fractional rates of protein synthesis were determined by the [ 3 H]leucine constant infusion method in 9-week-old rabbits. At this age, right and left ventricular fractional accumulation rates for total protein, myosin subunits, and actin were found to be identical, thus allowing for the comparison of the effect of regional hemodynamic load on protein degradation independent of its effect on growth. Total protein and individual myofibrillar protein fractional degradative rates were then derived as the difference between fractional rates of synthesis and accumulation. The results indicate increased fractional synthesis and degradation of myosin heavy chain and light chains, but not actin, in the left compared to the right ventricular free wall. Accelerated left ventricular replacement of myosin subunits may be related to regional differences in hemodynamic load. These results help explain the apparent increase in the in vivo rate of myocardial protein degradation observed in several experimental models of ventricular hypertrophy. (Circulation Research 1989;64:193-202) N ewly synthesized, contractile proteins are used by the adult cardiac myocyte for two purposes: accumulation of additional elements of the myofibril (growth) and replacement of previously synthesized myofibrillar proteins (protein turnover). These complex metabolic processes can be represented by a simple mathematical equation:
numerous nutritional, hormonal, and mechanical factors. 1 For instance, previous research has shown that cardiac myocytes increase rates of protein synthesis in response to the induction of in vitro work, 2 -3 passive stretch of ventricular muscle, 4 and increased aortic perfusion pressure. 5 -8 Other studies, however, suggest that one or more of the mechanical stimuli causing increased protein synthesis may also lead to accelerated contractile protein breakdown. 9 -13 Hypertrophy results from a greater increase in the rate of protein synthesis than of protein degradation.
During the first several days after birth, hemodynamic demands shift from right ventricular predominance to left ventricular predominance with respect to wall tension, impedance, and cardiac work. 14 These regional hemodynamic effects have been causally related to the differential rates of growth of the left and right ventricles. 15 If these same hemodynamic factors are directly or indirectly related to the regulation of myofibrillar protein degradation, then detectable differences in right and left ventricular contractile protein degradative rates should be evident. To examine the effects of regional hemody-namics on protein degradation independent of their effects on protein accumulation, measurements are best performed in the steady state (i.e., when the amounts of total and individual myofibrillar proteins in both regions of the heart do not change) or when right and left ventricular fractional accumulation rates are identical. Therefore, the objectives of the present study were to 1) examine the fractional accumulation rates of total protein, myosin heavy chain, myosin light chains, and actin in the right and left ventricular free walls of normal, growing rabbits, and 2) determine the in vivo fractional synthetic and degradative rates for total protein and individual myofibrillar proteins when right and left ventricular fractional accumulation rates for total protein and individual myofibrillar proteins are identical.
Materials and Methods
Reagents [4, H]Leucine (120 Ci/mmol) and l25 I-NaI (16.9 mCi//ig of iodine) were obtained from Amersham, Arlington Heights, Illinois. [Methyl u C]dansyl chloride (112 mCi/mmol) was obtained from Research Products International, Mt. Prospect, Illinois. All other reagents were the highest grade commercially available and were obtained from Sigma Chemical Co, St. Louis, Missouri, and Scientific Products Division, American Hospital Supply, McGaw Park, Illinois.
Experimental Animals
New Zealand White rabbits (Lesser's Rabbitry, Union Grove, Wisconsin) were used in all experiments. Animals 3 days to 6 weeks of age were obtained from the supplier along with their mothers and housed in breeding litter boxes until use. To obtain 1-day-old rabbits, near-term, pregnant females were obtained from the supplier and housed in breeding litter boxes in the Northwestern University Center for Animal Resources until vaginal delivery. Nine-week-old animals (mix of males and females) were obtained directly from the breeder. Euthanasia was performed by intravenous or intraperitoneal injection of an overdose of sodium pentobarbital. Hearts were excised via a median sternotomy incision, placed in 150 mM NaCl (4° C) to remove blood, and then frozen in liquid nitrogen prior to storage at -80° C.
Quantitative Analysis of Right Ventricular and Left Ventricular Total Protein, Total RNA, and DNA
The hearts were trimmed of pericardium, fat, and major blood vessels and weighed. Further dissection was performed (with the aid of a dissecting microscope) to obtain the right ventricular free wall (RV) and the left ventricular free wall (LV) wet weights. Segments of RV and LV tissues were then finely minced with scissors and homogenized (four 15second bursts with a Polytron PCU1 homogenizer fitted with a microgenerator) in 19 volumes of 20 mM Na borate buffer, pH 8.4, containing 150 mM NaCl, 270 mM 1-butanol, and 2 g Triton X-100 per liter. Portions of RV and LV whole tissue homogenates were analyzed for total protein concentration by the method of Lowry et al. 16 Total RNA concentration was measured by the method of Munro and Fleck, 17 and DNA concentration was determined by minor modifications of the method of Cesarone et al. 18 
Quantitative Analysis of RV and LV Myofibrillar Proteins
Additional portions of the RV and LV whole tissue homogenates were diluted fourfold in 62.5 mM Tris-HCl, pH 6.8, containing 5% (vol/vol) 2-mercaptoethanol, 10% (vol/vol) glycerol, and 4% (wt/vol) sodium dodecyl sulfate (SDS). Samples were then thoroughly mixed, heated to 100° C for 5 minutes, and frozen at -80° C. The concentrations of myosin heavy chain (a-MHC v and /3-MHC v ), myosin light chain (MLC, V ), phosphorylatable myosin light chain (MPLC^), and actin in each RV and LV whole tissue homogenate were then assessed by SDS polyacrylamide gel electrophoresis and dyebinding with l25 I-labeled Coomassie brilliant blue. 19 A single mixed myofibrillar protein standard containing 1.92 mg rabbit ventricular MHC (>90% /3-MHC v ), 0.46 mg rabbit actin (>90% a-cardiac actin), 0.21 mg rabbit MLC, V , and 0.19 mg rabbit MPLC 2v per milliliter of electrophoresis sample buffer was applied in varying amounts (1, 4, 8, or 12 fA) to each gel, along with eight to 10 diluted tissue homogenates. Gel electrophoresis, staining, and destaining were performed exactly as previously described. After background subtraction and counting of individual gel bands for l23 I-radioactivity, the amounts of MHC, actin, and myosin light chains in each unknown were then computed from individual protein subunit standard curves. 19 In this manner, the total amounts of individual myofibrillar protein subunits were obtained directly from whole tissue homogenates, without losses incurred during preliminary extraction or sedimentation of myofibrils.
Determination of RV and LV Fractional Growth Rates for Total Protein and Individual Myofibrillar Proteins
RV and LV total protein and individual myofibrillar protein contents were obtained from 82 rabbits, varying in age from 1 day to 9 weeks of age. Eight to 16 animals from at least two different litters were used for each age group. Results were plotted as the average total protein content or individual protein content versus age in days. These data were then sequentially fit by weighted regression analysis to first-, second-, and third-degree polynomial functions. Improvement in fit was assessed by the significance of the partial F value for the parameter of highest degree. Polynomial curve-fitting and statistical analysis were performed with the PROPHET computer system (Division of Research Resources, National Institutes of Health, Washington, DC). The best-fitting functions were then transformed as previously described 13 -20 to yield the instantaneous fractional rates of growth (Kg; %/day) for each RV or LV protein subunit or total protein at each day of age.
[ 3 H]Leucine Constant Infusions
In vivo protein synthesis experiments were performed by the [ 3 H]leucine constant infusion method. The infusion procedure was a modification 13 -20 of that of Everett et al. 21 All infusions were begun between the hours of 7:00 and 8:00 AM to control any diurnal variation in cardiac protein synthetic rates. Lightly restrained animals were continuously infused with a solution of [ 3 H]leucine, 150 mM NaCl, 10 units/ml heparin, and 100 yM. unlabeled leucine (final leucine specific radioactivity, 3,000 AiCiyVimol) at a rate of 1.33 ml/hr (400 yxCi/hr) into a catheterized marginal ear vein. Blood samples (0.6-1.0 ml) were withdrawn into a heparinized syringe from the catheterized central ear artery of the opposite ear at 0, 5, 10, 20, 30, 60, 120, 180, and 240 minutes during the infusion. The volume of blood withdrawn was replaced by an equal volume of sterile saline. After completion of the infusion, the rabbits were killed by intravenous injection of an overdose of pentobarbital, and the hearts were rapidly removed and frozen in liquid nitrogen prior to storage at -80° C.
Determination of Leucine Specific Radioactivity in Plasma, RV and LV Total Protein, and Individual Myofibrillar Proteins
Leucine specific radioactivity in the plasma, in RV and LV total protein, and individual myofibrillar proteins were determined as previously described, 13 -20 with minor modifications. Briefly, plasma samples (300 /xl) were deproteinized by addition of an equal volume of 10% (wt/vol) trichloroacetic acid (TCA). Plasma amino acids were isolated by cation exchange chromatography, as described by Everett et al. 22 Plasma leucine specific radioactivity (dpm/nmol) was then determined by the method of Airhart et al. 23 Biosynthetically labeled RV and LV tissues (0.5-1.0 g) were homogenized in 19 volumes of 100 mM KC1 and 250 fiM thioglycolate, pH 6.8. A portion of the whole-tissue homogenate (500 /il) was added to an equal volume of 10% TCA. The insoluble protein was then washed four times by suspension and recentrifugation (10,000#, 5 minutes) in 1.5 ml of 10% TCA. After a final wash in ethyl ether (1.5 ml), the protein sediment was transferred to a vacuum hydrolysis tube and hydrolyzed in 2 ml of 6N HO (110°C, 24 hr). After removal of acid by evaporation, leucine specific radioactivity in the total protein hydrolysate was determined by the [ H C]dansyl chloride isotope dilution method 23 as previously modified by this laboratory. "•*> Biosynthetically labeled, individual RV and LV myofibrillar protein subunits were isolated from sedimentable myofibrils. The remaining whole tissue homogenate was centrifuged at 10,000g for 10 minutes. The sediment was washed as described by Martin et al 24 excluding the washes with Mg-ATP relaxing solution. Myofibrillar proteins were extracted from the washed sediment by suspension in 15 volumes of 600 mM NaCl, 20 mM MgCl, 100 nM EGTA, 10 mM ATP, and 5 mM sodium phosphate, pH 7.0, as described by Clark et al. 23 After centrifugation (10,000g, 10 minutes), the supernatant fraction (containing salt-extracted myofibrillar proteins) was dialyzed (18 hours, 4° C) against distilled water. The precipitated protein was collected by centrifugation, washed twice by suspension and recentrifugation (10,000#, 20 minutes) in water, and dissolved in 62.5 mM Tris-HCl, pH 6.8, containing 5% 2-mercaptoethanol and 4% SDS. Preparative SDS-polyacrylamide gel electrophoresis, staining, and destaining were performed as previously described. 20 Gel bands containing labeled MHC, actin, MLC, V and MPLC 2v were hydrolyzed and analyzed for protein-bound leucine specific radioactivity. 23 In this manner, individual myofibrillar subunits (including those arising from' 'easily releasable" myofilaments 26 -27 ) were analyzed. Monomeric actin, cytosolic light chains that were not assembled to myosin heavy chain, 19 -28 and myofibrillar proteins that were not extracted from the insoluble protein sediment were all excluded from analysis of leucine specific radioactivity.
Determination of Fractional Synthetic Rates of RV and LV Total Protein and Individual Myofibrillar Proteins
The fractional synthetic rates (Ks; %/day) of total protein and individual myofibrillar proteins were calculated using the approximation formula of Everett et al 10 :
where t is the length of infusion (days), P* is the leucine specific radioactivity in the RV or LV protein (dpm/nmol), F* is the leucine specific radioactivity in the plasma at the end of the infusion (dpm/nmol), and Kf is the first-order rate constant (d" 1 ) describing the rate of rise of plasma leucine specific radioactivity to plateau (F*,,^). Kf values were determined for each infusion by nonlinear curve fitting, as previously described. 13 -20 
Derivation of Fractional Degradative Rates for RV and LV Total Protein and Individual Myofibrillar Proteins
In vivo fractional degradative rates (Kd; %/day) for total protein and individual myofibrillar proteins were derived by subtracting the fractional rates of accumulation (Kg; %/day) from the measured fractional synthetic rates (Ks; %/day). 13 -20 
Data Analysis
Unless otherwise noted, all results were expressed as mean±SEM. Normality was assessed using the Wilk-Shapiro test, and homogeneity of variance was established with Levine's test. Paired t tests were used for statistical comparisons between results from the RV and LV. Values of p<0.05 were considered statistically significant. Data were analyzed with the PROPHET computer system. Table 1 depicts the results of heart and body weight measurements for the 82 animals used in this study. As is evident from the table, the rabbits grew very rapidly during the first 9 weeks after birth. Interestingly, the heart increased in weight at a rate slower than that of the rest of the body, resulting in a progressive decline in heart/body weight ratio. Both the RV and LV progressively increased in mass during this period. RV mass was initially greater than LV mass at 1 day of age (87±6 mg vs. 69±6 mg for RV and LV, respectively). Because of a more rapid rate of LV growth, however, LV weight surpassed RV weight by the third day after birth. By the end of the second week, the LV was clearly the predominant region of the heart, as evidenced by near constant RV and LV weights relative to total heart weight during subsequent growth. These changes in regional growth rates and ventricular predominance were temporally related to major changes in hemodynamic demands that occur during the transition from the fetal to the adult circulation. 14 The change in ventricular predominance and regional differences in growth rates were not reflected in major differences between the composition of the RV and LV during postgestational life. As seen in Table 2 , total protein and total RNA concentrations (expressed as milligrams per gram wet weight) were slightly higher in the LV at 1 day of age. However, these differences disappeared with age. Whereas total protein concentration remained relatively constant in both ventricular free walls as the heart grew, both RV and LV total RNA and DNA concentrations progressively declined with age. Growth of the rabbit heart was also associated with age-dependent changes in the concentrations of the individual components of the myofibril ( Table 3) . As previously described, 19 the concentrations of myosin subunits and actin (expressed as milligrams per gram wet weight) increased during postnatal development, consistent with previous morphological studies indicating increasing volume-density of myofibrils within developing cardiac myocytes (for review, see Rakusan 29 ). However, no major differences were noted between the concentration of myofibrillar protein subunits within RV and LV tissues. These data were further analyzed to determine the molar stoichiometry of myosin light chains relative to myosin heavy chain in both regions of the developing heart ( Table 4 ). As previously reported, rather large molar excesses of MLC, V and MPLC^ relative to MHC were observed in total homogenates of LV myocardium throughout postnatal development. 19 Similarly large molar excesses of light chains were also observed in the RV free wall of newborns and older rabbits, providing additional indirect evidence for the existence of pools of unassembled myosin light chains in rabbit ventricular muscle. However, no major differences were noted between the relative concentrations of unassembled myosin light chains in RV and LV tissues at any age examined.
Results

Morphometric Characteristics During Postnatal Growth and Development
Determination of Protein Accumulation Rates and Fractional Rates of Growth for RV and LV Total Protein and Individual Myofibrillar Proteins
Weighted regression analysis afforded a means of quantitating rates of RV and LV protein accumulation during physiological growth of the heart ( Figure  1) . Data for the 82 animals were plotted as RV and LV total protein content (milligrams per tissue; Panel A) or RV and LV individual myofibrillar protein content (milligrams per tissue; Panels B-E) versus age in days. Sequential polynomial curvefitting and statistical analysis indicated that in all cases, straight lines best fit the data for the accu-mulation of RV and LV individual proteins and total protein versus time. The slopes of these best-fitting lines (along with their standard deviations) are listed in Table 5 . As is evident from the figure and table, rates of total and individual protein accumulation were approximately 2.5 times greater in the LV than in the RV. Transformation of each bestfitting function (accomplished by dividing the slopes by the amount of protein at each time point x 100) generated the fractional growth rate curves (Kg in %/day, versus age) depicted on the right side of Figure 1 . As is evident from these graphs, RV and LV fractional growth rates differed markedly during the first week after birth. These differences were a quantitative reflection of the change in ventricular predominance that accompanied postnatal cardiac growth. With increasing age, however, RV and LV fractional accumulation rates for total protein and individual myofibrillar proteins converged. By 9 weeks of age, no differences were apparent between RV and LV Kg values for total protein or individual myofibrillar proteins. Thus, hearts from 9-week-old rabbits provided the means to compare RV and LV protein fractional synthetic and degradative rates independent of any differences in fractional growth rates between the two regions of the heart.
[ 3 H]Leucine Infusions in 9-Week-Old Rabbits
In vivo protein synthesis experiments were performed in eight 9-week-old New Zealand White experiments was 248.4±49.2 d" 1 , and the average plasma leucine flux was 30.4±1.9 /imol/hr/100 g body wt. These values are similar to those previously reported from this laboratory for slightly larger, normal juvenile rabbits subjected to 6-hour constant infusions of t 3 H]leucine. l3M
RV and LV Fractional Synthetic and Degradative Rates
The leucine specific radioactivities (P*) of TCAprecipitable total protein and the salt-extracted, electrophoretically purified myofibrillar proteins from both RV and LV tissues are depicted and compared in Table 6 . As is evident from this table, small but significant differences were noted between the total protein mixture, as well as the electrophoretically purified MHC that was isolated from the two regions of the heart in the eight animals subjected to [ 3 H]leucine constant infusions. Considerably larger differences in the protein-bound leucine specific radioactivity were noted for the two light chains, whereas no difference was noted between RV and LV actin. These individual P* values, along with individually determined F* and Kf values from each infusion experiment, were then used to calculate total protein and myofibrillar protein fractional synthetic rates with the approximation formula of Everett et al. 10 As seen in the upper panel of Figure 3 , Ks values for MHC, MLC lv , and MPLC 2v were significantly greater in the LV than in the RV. Accelerated LV synthesis of myofibrillar proteins was reflected in a small, but significant, difference in total protein fractional synthetic rates. These regional differences in Ks values also reflected regional differences in the synthesis of myofibrillar proteins relative to one another. In the present study, as well as in a previous report from this laboratory, 20 rabbit LV fractional synthetic rates differed among the four myofibrillar protein subunits (MPLC 2 v > MHC>MLCi v >actin). Discordant rates of protein synthesis were also observed in the RV, but the relative rates of synthesis were different (MHC> MPLC2v>actin>MPLCi v ). These results were due where F* max is the plasma leucine specific radioactivity at plateau (i.e., when /=°°), and Kf is the first order rate constant describing the rate of rise of plasma leucine specific radioactivity (F*) to plateau. The area beneath each curve was used in the calculations of fractional synthetic rates for total protein and individual contractile proteins in each region of the heart.
RV and LV Total Protein-Bound and Individual Myofibrillar Protein-Bound Leucine Specific Radioactivities Following 4-Hour Constant Infusion of [ 3 H]Leudne
to the markedly different Ks values for RV and LV myosin light chains.
Based upon measurements of total protein and individual myofibrillar protein contents of the biosynthetically labeled tissues, average RV and LV Kg values for total protein, and individual myofibrillar proteins were similar in the 8 infused rabbits (Figure 3, middle panel) . Therefore, measured differences in Ks values affected derived Kd values for the myosin subunits (Figure 3, lower panel) . The lower RV fractional degradative rates for myosin subunits produced a lower RV fractional rate of total protein degradation, but this difference did not reach statistical significance (6.1 ±0.5 vs. 6.9±0.4 %/day for RV and LV total protein Kd; P=0.051, paired t test). In summary, these data suggested that LV myosin subunits were synthesized and degraded at a faster rate than RV myosin subunits. In order to maintain similar fractional rates of growth, LV myocytes appeared to synthesize relatively greater amounts of MHC, MLC l¥ , and MPLC 2v and replace those additional subunit molecules that were subject to an increased rate of proteolysis.
Discussion
Data obtained with the [ 3 H]leucine constant infusion method are presented in this report to indicate that the in vivo fractional synthetic and degradative rates of myosin subunits, but not actin, were increased in the left as compared with the right ventricular free wall of normal, growing rabbits. These measurements were obtained at a time in the postnatal development of the heart when regional fractional accumulation rates for myosin subunits, actin, and total cardiac protein were identical, thus allowing for comparison of the effect of regional hemodynamic load on contractile protein turnover independent of its effect on the rate of protein accumulation. However, the evaluation of individual protein synthetic and degradative rates in vivo during non-steady-state conditions is dependent upon a number of theoretical assumptions and practical considerations that may directly influence the interpretation of the results described in this report.
First, accurate assessment of regional Ks values for total or individual proteins is dependent upon the assessment of the specific radioactivity of the immediate precursor for new protein synthesis in each region of the heart. In the present studies, the leucine specific radioactivity in the plasma was used in calculations of Ks values for both RV and LV proteins, with the assumption that simultaneous, rapid and complete equilibration of extracellular leucine with leucyl-tRNA (the immediate precursor for protein synthesis) occurred in both regions. Although rapid and complete equilibration of leucine specific radioactivity has been demonstrated in both rabbit left ventricle 13 and mixed rat ventricular tissue, 2224 -30 the simultaneous assessment of plasma and LV and RV leucyl-tRNA specific radioactivities was not performed. In this study, it was not possible to rapidly obtain RV and LV myocardium without a significant delay in freezing the tissue. Careful dissection of unfrozen myocardium would have led to the loss of equilibration between plasma leucine and leucyl-tRNA because of the very rapid turnover of leucyl-tRNA. 2 * In fact, differences in the extent of plasma leucine and leucyl-tRNA equilibration in the two regions of the heart would have produced proportionally greater protein-bound leucine specific radioactivities for all proteins. In the case of RV and LV proteins in the present study, disproportionally greater individual LV protein P* values were observed. Therefore, it appears unlikely that the regional differences in myosin subunit specific radioactivities (and Ks values) were due to regional differences in leucyl-tRNA equilibration. Another assumption was that the protein subjected to analysis of leucine specific radioactivity was biochemically homogeneous. In the case of RV and LV MHC in the present study, this assumption was in fact invalid because the electrophoretically purified MHC consisted of a mixture of myosin heavy chain isoforms (a-MHC v and /3-MHC v ). Furthermore, Litten et al 31 have demonstrated regional differences in isomyosin composition in rabbit heart, including slightly higher concentrations of V 3 isomyosin (and thus /3-MHC v ) in LV as compared with RV tissues of 9-week-old New Zealand White rabbits. These authors have also related the regional differences in expression of different MHC isoforms during normal cardiac development to regional differences in hemodynamic load. Thus, it is entirely possible that the modest differences between LV and RV MHC fractional synthetic and degradative rates noted in this report were the result of regional differences in the rates of synthesis and degradation of the individual MHC isoforms in the two regions of the heart. Of note, regional differences in isoform expression cannot explain the much larger differences in the fractional synthetic and degradative rates of the myosin light chains, as the V,, V 2 , and V 3 myosin isoenzymes expressed in adult rabbit ventricular myocardium all contain identical myosin light chains (i.e., one mole each of MLC, V and MPLC 2v per mole of MHC). 32 The assumption of homogeneity of the individual protein pools also implies that regional differences in compartmentation of these proteins do not occur. In these experiments, it was assumed that the myosin subunits and actin that were analyzed for leucine specific radioactivity were derived from single, kinetically homogeneous pools of all myosin and actin molecules within each region of the heart. In other words, the individual components of saltextracted, sedimentable actomyosin were kinetically indistinguishable from the entire pools of these myofibrillar protein subunits. Actin and myosin were isolated and purified from RV and LV tissues with identical methods in order to minimize the possibility of sampling different protein pools. Furthermore, cytosolic light chains and actin monomers present in both RV and LV tissues were equally excluded from analysis, as were RV and LV myofibrillar protein subunits that remained in the protein sediment after high salt, Mg-ATP extraction. Nevertheless, it is possible that the large regional differences in [ 3 H]leucine incorporation into sedimentable myosin light chains were the result of differential rates of equilibration between kinetically distinct subpopulations of light chain subunits within the two regions of the heart. In fact, previous studies have demonstrated the existence of kinetic precursors of myosin light chains in rat ventricular myocardium, 30 -33 as well as a minor fraction of sedimentable myofilaments that possess high-turnover MHC in rat skeletal and cardiac muscle(i.e., "easily releasablemyofilaments" 2627 ). Additional studies are needed, however, to fully characterize the kinetics of protein synthesis, assembly, and degradation of these minor subpopulations, to determine the relation between these kinetic precursor compartments and physically separable pools of myofibrillar protein subunits, and to examine the effect of hemodynamic load on rates of equilibration between these kinetically distinct compartments.
As in previous studies of in vivo rabbit cardiac protein metabolism (during non-steady-state conditions of hypertrophy and atrophy), fractional rates of protein degradation were estimated as the difference between fractional rates of synthesis and growth. 1320 In the present report, similar methods were used to derive fractional degradative rates for individual contractile proteins during the non-steadystate condition of normal growth. Individual contractile protein growth curves were constructed from the results obtained by a new method for the quantitative analysis of individual myofibrillar proteins in cardiac tissue homogenates. 19 Computerderived, fractional rates of individual myofibrillar protein accumulation were then subtracted from measured fractional protein synthetic rates determined from biosynthetically labeled, and electrophoretically purified, contractile proteins. However, Everett and Zak 34 have indicated that in vivo degradative rate during non-steady-state conditions of growth or atrophy can only be estimated, since potentially large errors in estimating growth rates make these indirect measurements less reliable than directly measured protein synthetic rates. Nonetheless, the demonstration of significantly different RV and LV fractional synthetic rates for total protein and myosin subunits at a time of very slow, but equal regional growth (i.e., 1.5%/day for both RV and LV proteins) provides supporting evidence for accelerated LV replacement of myosin subunits.
If in fact the observed differences in [ 3 H]leucine incorporation were an accurate reflection of regional differences in the in vivo fractional synthetic and degradative rates of myosin subunits, then what is the significance of these findings with respect to protein metabolism in normal cardiac growth and in cardiac hypertrophy? Numerous studies of cardiac protein metabolism with in vitro and in vivo model systems have clearly identified several humoral and hemodynamic factors that are responsible for modulating rates of protein synthesis. As reviewed by Morgan et al, 35 all studies of experimental pressure overload hypertrophy and thyroxine-induced cardiac hypertrophy report that the rate of protein synthesis is increased as compared with normal hearts. Furthermore, left ventricular protein synthetic rates were increased in normal, perfused rat hearts by induction of cardiac work in vitro, by increased aortic perfusion pressure in beating hearts, and by passive stretch of ventricular muscle in arrested-drained preparations.".s-s Peterson and Lesch 4 demonstrated similar results by relating passive stretch to increased rates of protein synthesis using an isolated rabbit papillary muscle system. Although the signal transduction system responsible for accelerated protein synthesis in response to passive stretch is still unknown, mechanical stimuli are clearly important in increasing myocyte protein synthetic rates.
In vitro studies examining the effect of mechanical stimuli on protein degradation are much more difficult to interpret, owing to numerous methodological problems associated with assessing rates of protein degradation in isolated preparations. 33 In several in vivo studies, however, increased ventricular workload was associated with increased rates of protein synthesis in excess of that required to produce the observed degree of muscle hypertrophy, suggesting that protein degradative rates were also enhanced. 9 -13 Accelerated cardiac protein degradation during work-induced hypertrophy has been attributed to the need for cellular "remodeling" to allow for the deposition of new contractile elements. 36 However, it is also possible that the same mechanical stimuli that are responsible for enhanced protein synthesis may also lead directly or indirectly to the accelerated degradation of specific cardiac proteins. For instance, the regional difference in the discordant rates of myofibrillar protein synthesis described in this study suggests that myosin light chain synthetic rates are more responsive to differences in hemodynamic load than is MHC. A relative overproduction of light chains within L V as compared with RV myocardium could then have resulted in accelerated degradation of the unassembled subunits. Such a model is consistent with the observed results, so long as unassembled myosin light chains are in kinetic equilibrium with those light chains associated with MHC. It is also possible, however, that mechanical parameters might directly affect the susceptibility of specific proteins to proteolysis. Accelerated synthesis and degradation of LV myosin subunits might therefore reflect an increased frequency of random "damage" produced by mechanical forces and result in an increased susceptibility of these proteins to degradation by proteases. 37 As is evident from this discussion, however, little information is presently available about the rate-limiting steps involved in the assembly and degradation of these long-lived structural components of the myofibril. Additional studies are needed to examine the kinetics of their assembly and decay and to identify the proteases responsible for their ultimate degradative processing in the heart.
